INTRODUCTION
in individuals shown to have nonentrained circadian rhythms of urinary 6-sulfatoxymelatonin.
Such decrements in sleep quality have since been confirmed with polysomnography: N-24s have been shown to have decreased sleep efficiency and increased time awake after sleep onset when they are sleeping out of synchrony with the biological clock as compared to when they are sleeping in synchrony with the biological clock 8 and have also been shown to have decreased total sleep time, sleep efficiency and REM sleep when compared to sighted control subjects. 12 Evidence for the behavioral consequences of a nonentrained biological clock can also be seen using actigraphy. Lockley and colleagues 11 also showed that in seven of 16 N-24s a non-24-h pattern of activity could be detected when actigraphy data were subjected to spectral analysis. We have subsequently shown a correlation between the nonentrained drift in the circadian phase and the non-24-h component of the rest-activity rhythm in 15 of 16 N24s when wrist actigraphy data was similarly subjected to spectral analysis. 13 Recent experiments in animals 14 and humans 15 raise the possibility that chronic circadian misalignment could also result in adverse metabolic, cognitive, and emotional consequences in N-24s. Oral administration of low-dose melatonin has proven to be an effective treatment for this circadian rhythm sleep disorder. 8, [16] [17] [18] [19] [20] [21] Indeed, we have demonstrated synchronization of the biological clock (entrainment) using doses of melatonin as low as 0.02 mg. 21 Downloaded from https://academic.oup.com/sleep/article-abstract/36/7/1091/2453893/Non-24-Hour-Disorder-in-Blind-Individuals by guest on 16 September 2017 For many years it was thought that the biological clock's rate of drift across the 24-h day was constant in untreated N-24s. Over 20 years ago we reported on a cohort of 20 blind subjects of whom 11 were not entrained with an average rate of drift of 33 min per day and we noted that the rate of drift appeared to be "remarkably stable" within individuals. 2 However, in that study, as in almost all others, N-24s were typically followed for no more than 6 weeks [1] [2] [3] [4] or if they were studied for longer periods of time, there may have been many weeks between assessments. 5 We have since shown, in a small cohort of N-24s, that the rate of drift in the timing of the biological clock regularly slows and accelerates in a seesaw fashion: the timing of the clock (measured using the melatonin onset) moves rapidly during the daytime (between approximately 08:00 and 20:00) but then slows during the evening and night (between approximately 20:00 and 08:00). 22 In one individual the melatonin onset drifted more than 30 min later every day during the daytime but slowed to less than 2 min per day during the night. This oscillation in the rate of drift (termed relative coordination) is well described in the circadian literature and reflects the resetting effects of environmental time cues (zeitgebers) that are strong enough to influence the biological clock but are not strong enough to synchronize it. 23, 24 It has been hypothesized that a variety of time cues including physical activity, 5, [25] [26] [27] sleep, [28] [29] [30] and even light (nonvisual photoreception) 31, 32 might have been responsible. We have further speculated that our ability to treat this disorder with low doses of melatonin may have been aided in some cases by the influence of these weak zeitgebers. However, the prevalence of this phenomenon among N-24s was unknown.
We report here on a relatively large cohort of nonentrained blind individuals who were intensively studied over many months. We found a high prevalence of relative coordination, remarkable intersubject and intrasubject variability in the rate of drift across the 24-h day, periods during which there was little to no drift in circadian phase, and evidence that the non-24-h component of the rest/activity cycle can accurately reflect the drift of the biological clock.
METHODS

Subjects
Subjects were 21 blind individuals lacking conscious light perception (11 women, 10 men; age 8-78 years). These individuals were studied while they kept a sleep/wake schedule of their choosing at home for approximately 1 to 50 months. They were not taking any medications during episodes of plasma or saliva sampling that would interfere with melatonin production nor were they taking oral melatonin, but some subjects did take medications that might influence sleep and wakefulness and that might have impacted the rest/activity cycles we observed (Table 1 ). All subjects provided written informed consent and both the protocol and consent forms were approved by the Oregon Health & Science University Institutional Review Board.
Subjects had complaints of insomnia (8 subjects), excessive daytime fatigue or somnolence (2 subjects) or insomnia plus daytime fatigue or somnolence (8 subjects). Three subjects had no sleep complaints. Subjects were selected for inclusion post hoc if at least one circadian beat cycle (drift of circadian phase across 24 h) of melatonin phase data was available for analysis and if no two successive assessments of phase occurred more than 95% of a circadian beat cycle apart.
Melatonin and Circadian Phase
Plasma or saliva samples were collected every 1-2 h for 14-25 h at the Oregon Health & Science University Clinical and Translational Research Center or at home approximately every 2 weeks (average ± standard deviation [SD] of 12.8 ± 5.8 days) for assessment of circadian phase. No two assessments were more than 95% of a circadian beat cycle apart (drift of circadian phase across 24 h, average of 17.4 ± 25.0% of a circadian beat cycle apart) and subjects were assessed for an average of three circadian beat cycles. Plasma and salivary melatonin concentrations were measured by radioimmunoassay (American Laboratory Products, Windham, NH) and circadian phase was determined using the plasma and salivary melatonin onset (MO) assessed with a 10 or 3 pg/mL threshold, respectively. 33, 34 The lower limit of sensitivity of this assay is 0.5 pg/mL. These thresholds were chosen to allow comparison to our more recent studies in sighted individuals. [35] [36] [37] Lighting conditions, sleep schedules, posture, and activity were not controlled during either home or laboratory assessments, although subjects were asked not to exercise during assessments.
Actigraphy
Activity data were gathered using a wrist actigraph (Actiwatch-64 ®, Mini-Mitter Co., Bend, OR). Data were collected using a 30-sec sampling epoch for 70 to 1,519 days. Actigraphy was used to specifically assess rest/activity cycles and not for the assessment of sleep and wakefulness.
Drift of Circadian Phase
The overall rates of drift of circadian phase were calculated using a series of MOs across a complete number of circadian beat cycles (average ± SD of 3.3 ± 3.4 cycles, range of 1-16 cycles) that were determined post hoc (Figure 1 ). The number of hours drifted from the first MO to the last MO in the series allowed for the calculation of the average rate of drift (e.g., if the MO shifted a total of 50 h later over the course of 100 days of study, then the average drift rate was 0.5 h per day). Individuals were determined to lack entrainment when the 95% confidence intervals for the overall drift rate calculated by linear regression did not overlap 0 h per day. However, linear regression was not used to calculate average drift rates to avoid the distortion resulting from the relative coordination.
In order to quantify changes in the MOs' rate of drift across the day we also calculated "two-point drift rates," which were the slopes between every two successive phase assessments as described previously. 22 For example, if an initial MO occurred at 10:00 and after 14 days a second MO occurred 7 h later at 17:00, the two-point drift rate would be 0.5 h per day (the MO drifted 7 h in 14 days, Figure 2A ). The two-point drift rates were subsequently referenced to the subjects' average rate of drift by calculating the deviation (DEV) of each two-point drift rate from the subject's average drift rate. In addition, for each pair of consecutive MOs, an average MO was calculated (MO avg ). In the above example, the MO avg would be 13:30.
Stability of the rest/activity rhythm was calculated using a chi-squared periodogram of the actigraphy data gathered during the same period of time using a 1-min block size, test rhythms Non-24-Hour Disorder in the Blind-Emens et al a Medications are those taken at anytime during the period of study; beta-blockers were not taken during periods of blood or saliva sampling. ranging from 20 to 28 h, and a 0.001 confidence level (ClockLab 2.6, Actimetrics; Matlab R2006a, The MathWorks). 38 The second highest amplitude rhythm (the highest being 24 h) that was statistically significant was always included in the analysis. In the case of subject 5, significant peaks at 21.00, 22.40, and 25.85 h were also detected in addition to the first and second highest peaks at 24.00 and 24.15 h, respectively. Subject 20 also had multiple significant peaks at 21.00, 21.60, 24.13, 24.22, and 24.42 h in addition to the first and second highest peaks at 24.00 and 23.88 h, respectively.
Assessment of Relative Coordination
As described previously, 22 we determined whether the variations in the biological clock's rate of drift across the 24-h day were significant by adapting the bisection technique developed by Kripke and colleagues for the analysis of circadian phase response curves. 39 The MO avg was used as the marker of circadian phase whereas the DEV was used to measure the variation in drift rate. The bisection test treats each MO avg within a subject's dataset as a potential inflection point (transition) between a fast drift rate zone and a slow drift rate zone ( Figures 2B and   2C ). The dataset is divided into two 12-h bins on either side of each MO avg . For each 12-h bin, the average DEV is calculated 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 from which the absolute difference (D) in mean DEV between the two bins is determined. D is calculated for each MO avg , so that the number of bin pairs is equivalent to the number of data points. The bin pair and corresponding inflection point with the largest D is designated optimal and is tested for significance using a two-sample Wilcoxon rank-sum (Mann-Whitney U) test of the slow and fast zones. We also determined the amplitude of relative coordination by subtracting the slowest two-point drift rate from the fastest two-point drift rate.
RESULTS
Drift of Circadian Phase
None of the subjects were entrained, and circadian phase (as measured by the MO) had an average overall drift rate (± SD) of 0.39 ± 0.29 h later per day (range of 0.29 h earlier to 0.90 h later per day). There was insufficient statistical power to find a difference in average drift rate between men and women and indeed no difference between women and men was found although there was a strong trend for the female subjects to have slower drift rates (0.29 versus 0.49 h per day in women versus men, respectively, P = 0.057, one sided t-test). There was also no difference in average drift rate between those with and those without eyes (0.43 versus 0.28 h, respectively, P = 0.309). Average drift rate increased with age (r = 0.449, P = 0.041, Figure 3 ) analogous to our previous report 40 but years of blindness did not correlate with average drift rate (r = 0.349, P = 0.121).
Relative Coordination
Most subjects demonstrated variability in the circadian pacemaker's rate of drift across the 24-h day (Figure 1 ). In 14 of the 21 subjects, there was a regular slowing and acceleration in the rate of drift that was statistically significant (Table 2, Figure 4) . Of the remaining seven subjects, four did not reach statistical significance and three did not have sufficient data to conduct the Wilcoxon rank-sum test (i.e., the optimal inflection point resulted in only one MO avg in one of the 12-h bins). There was considerable intersubject variability in the magnitude of this oscillation: in some subjects the daily rate of drift varied by only a few min whereas in others it varied by over 1 h (Figure 1, Table 2 ).
There was also variability in when the rate of drift periodically accelerated and slowed among those subjects with a significant oscillation in drift rate (Table 2, Figure 4) . Although in general the rate of drift was slower (smaller two-point drift rates) when the MO was passing through the early evening and night (approximately 20:00 to 08:00 on average, Table 2 and Figure 4) , a Relative coordination amplitude is the difference (in h/day) between the fastest and slowest two-point drift rate demonstrated by each subject. b Fast and slow zones refer to the clock hour where subjects had the fastest and slowest drift rates, respectively, as calculated using the bisection technique that is explained in Figure 2 .
c Wilcoxon rank sum test. Asterisks indicate insufficient data to conduct the Wilcoxon rank-sum test. SD, standard deviation.
the earliest clock hour at which the MO's rate of drift began to slow was at approximately 16:00 while the latest was at almost 02:00. Similarly, although the rate of drift tended to be faster when the MO was passing through the morning and afternoon (approximately 08:00 to 20:00 on average, Table 2 and Figure 4) , the earliest clock hour at which the MO's rate of drift began to accelerate was at approximately 04:00 while the latest was almost 14:00. The amplitude of relative coordination was greater in women than in men. The female subjects had an average amplitude of 0.98 h per day versus 0.41 h per day in the men (P = 0.028). A trend for a difference remained when only the 14 subjects with a significant bisection test result were included in the analysis (0.94 h per day versus 0.45 h per day in women versus men, respectively, P = 0.051). Confining the remaining analyses to those subjects with a significant bisection test we found that there was no difference in relative coordination amplitude in those with or without eyes (P = 0.820) and there was no correlation between relative coordination amplitude and either age (P = 0.898) or years of blindness (P = 0.181).
In subject 5, who was studied for the longest duration, the amplitude of relative coordination was found to decrease with time: when the subject's individual beat cycle amplitudes were plotted versus day of study (the corresponding midpoint of each beat cycle) a significant correlation was found (r = 0.648, P = 0.007, Figure 1B) . Similarly, average drift rate increased with time ( Figure 1B , r = 0.815, P = 0.0001). Her average drift rate increased by over 2 min per day each y on average such that her first and final circadian beat cycles had average drift rates of 0.14 and 0.32 h per day, respectively.
It should also be noted that some subjects had several months during which circadian phase drifted very little and where, for all intents and purposes, they were entrained (Figure 1) . Indeed, when we applied our previous definition of entrainment from our treatment studies with oral melatonin (a linear regression drift rate ≤ 0.04 h earlier or later per day with 95% confidence intervals that overlap with 0.00 h per day) 21 we found three subjects (5, 14, and 18) who demonstrated such "transient entrainment" for a total of 98, 42, and 71 days, respectively, with an average "entrained" linear regression drift rate of 0.00 ± 0.03 h. Furthermore, later study of subject 15 demonstrated almost 1 year (345 days) of entrainment with a linear regression drift rate of 0.00 ± 0.01 h per day before she lost entrainment with a linear regression drift rate of 0.33 ± 0.06 h per day ( Figure 5 ). There were no known changes in medications, activity, eye status, or hormonal status that precipitated either the spontaneous entrainment or the abrupt resumption of a nonentrained pattern, and the subject drifted at a rate nearly identical to her baseline drift rate of 1.5 years prior.
Actigraphy
In addition to a significant 24-h rhythm, a significant non-24-h rest/activity rhythm was detected in 18 of the 19 subjects in whom actigraphy was obtained (not detected in subject 9, Table 3 ). In all 18 of these subjects the amplitude of the 24-h rest/activity rhythm was significantly greater than that of the non-24-h rhythm (average ± SD of 23,639 ± 22,027 versus 5,051 ± 2,274, P = 0.001, respectively, see Table 3 ). There was a correlation between the non-24-h rest/activity rhythm and the average drift rate of the melatonin rhythm (r = 0.793, P = 0.0001) with a slope near unity (0.821) in these 18 subjects. In the case of subject 20 the non-24-h actigraphy rhythm (0.12 h earlier per day) was not only quite different from the melatonin drift rate (0.55 h later per day) but was in the opposite direction.
DISCUSSION
We have found that most N-24s are influenced by environmental time cues that result in significant variation both between and within subjects in the rate of drift of the circadian phase and periods of time where the circadian phase may demonstrate little to no drift.
Implications of Relative Coordination
In contrast to our previous study of N-24s, 2 we found that circadian phase demonstrates a striking intrasubject variability in the rate of drift across the 24-h day with differences greater than 1.5 h per day within a single individual (Figure 4) . In most cases, the drift in circadian phase varied regularly consistent with the phenomenon of relative coordination (Figure 4 ) whereas a minority of subjects had a less consistent pattern. Among those demonstrating relative coordination there was notable intersubject variability in both the amplitude and timing of relative coordination ( Figure 4 , Table 2 ).
The intersubject and intrasubject variability in relative coordination has treatment implications for this circadian rhythm sleep disorder (CRSD). Although oral melatonin is capable of entraining the biological clock and successfully treating N24s, 8, [16] [17] [18] [19] [20] [21] it is likely that the additional resetting effects of weak time cues account for some of the success of low-dose melatonin treatment. 17, 18, 20, 21 Unfortunately, the weak time cues would be expected to entrain N-24s to an abnormally late (or early) time: inspection of Figure 2C and Figure 4 show that the slowest drift rates (for those individuals with a tendency to drift to a later time) occur when the MO occurs after midnight. Therefore, most N-24s are likely to entrain to the weak time cues when their MO is after midnight which is quite delayed. Similarly, Figure  2C and Figure 4 show that the slowest drift rates (for those with a tendency to drift to an earlier time) occur when the MO occurs before 20:00. Therefore, entrainment at the normal time does not maximize the potential "assistance" provided by these weak time cues. In order to determine when and in what direction the weak time cues reset the clock (and therefore know when they might help or deter entrainment) it is necessary to assess circadian phase frequently (i.e., at least every 1-2 weeks). The weak time cues that cause relative coordination appear to cause both phase delays (shifts in the clock to a later hour) and phase advances (shifts in the clock to an earlier hour). Indeed, we observed the same pattern of relative coordination in N-24s regardless of whether circadian phase tended to drift to a progressively later or earlier time. In both groups the MO tended to drift to a later time more rapidly (or to an earlier time more slowly) when the MO occurred during the daytime and tended to drift to a later time more slowly (or to an earlier time more rapidly) when the MO occurred at night and individuals from both groups demonstrated transient entrainment.
Perhaps the most important implication of relative coordination and transient entrainment is in the diagnosis of this disorder. Individuals who demonstrate transient entrainment might easily be misdiagnosed as entrained if circadian phase is not assessed for a sufficient period of time. Inspection of Figure 1 indicates that it may be necessary to assess observed circadian phase for more than 3 months in some cases before a conclusive diagnosis can be made.
Assessment of Drift in Circadian Phase in N-24s
Our estimate of average drift rate of circadian phase in the current sample is likely closer to the population average in N24s than that of our previous studies 2 because we have almost doubled the sample size and have observed the subjects for a relatively long period of time across an integral number of circadian beat cycles (drift of circadian phase, as measured by the MO, across 24 h). It is possible that our current estimate (0.39 ± 0.29 h/day) is shorter than our previous estimate of the average drift rate (0.55 ± 0.31 h/day) 2 because the latter did not include individuals who lacked entrainment but had overall drift rates close to 0 h per day (i.e., individuals with significant relative coordination or transient entrainment). This is not to say that the average drift rates that we observed are equivalent to the "intrinsic" circadian period (i.e., the output of the hypothalamic circadian pacemaker undistorted by the resetting effects of environmental time cues). 41, 42 The mere presence of relative coordination is evidence that these drift rates were affected by environmental time cues. Therefore, individuals with this disorder cannot be said to be "free-running" in the strictest sense of the word because the drift in circadian phase that we observed does not reflect the "endogenous period" that is seen when an organism is studied "free of environmental time cues."
24 Similarly, such subjects should not be said to have "free-running disorder." Finally, the fact that in some instances there was little to no drift in circadian phase over many weeks to months clearly has implications for the calculation of the overall rate of drift as discussed in the limitations section below.
Sex Differences
Although the dataset is still relatively small, we found a trend for the female subjects to have greater amplitude of relative coordination than the male subjects. This could be because the women were more responsive to the weak time cues, had greater exposure to the weak time cues, and/or had shorter intrinsic periods that were more within the range of influence of the 24-h cues. In support of the latter possibility was the fact that we found a strong trend for the female subjects to have slower drift rates and that women were found to have shorter circadian periods than men in a large cohort of sighted subjects studied under forced desynchrony. 43 The sex difference we found here is consistent with the difference in entrainment status that we previously documented between male and female blind subjects: in a retrospective analysis of 46 totally blind individuals (21 females and 25 males) we found that none of the men were entrained whereas 25% of the women were entrained. 44 Similarly, all four of the subjects previously discussed (subjects 5, 14, 15, and 18) who demonstrated transient entrainment were female. Both of these findings are again consistent with the blind women being more sensitive to weak time cues, having greater exposure to such cues, and/or having shorter circadian periods. Further research is warranted to determine the clinical significance of sex effects in this and other CRSDs.
Age Differences
Average drift rate was found to increase with age, similar to our previous report in N-24s. 40 For each additional year the rate of drift was 0.008 h per day faster. Such a change in drift rate is small but may have implications for the timing of the biological clock in sighted individuals. 43, 45 For example, Wright et al. 45 found that a 1-h change in circadian period in sighted subjects was associated with as much as a 5.25-h change in the interval between the dim light melatonin onset and habitual sleep time.
Our age findings contrast somewhat with results in sighted individuals studied under conditions of forced desynchrony in which no effect of age on circadian period was found. 43, 46 It is possible that differences in the proportions or ages of women between the two study populations account for the different age findings.
Medication Differences
The subjects were taking a variety of medications and some of these might have influenced the changes in circadian drift rate we observed (e.g., due to circadian resetting effects of serotonergic medications). 47 As noted previously, it is also possible that chronic circadian misalignment could result in adverse metabolic, cardiovascular, endocrine, cognitive, and emotional consequences in N-24s. 14, 15, 36 We therefore speculate that some of the medications taken by this cohort might have been prescribed in response to signs or symptoms that were at least partially related to these individuals' lack of entrainment.
Changes in Relative Coordination With Time
Subject 5 was followed for over 4 years and provides a relatively unique assessment of circadian rhythms in a N-24 over a long period of time. 3 As seen in Figure 1B , the magnitude of relative coordination decreased with time. The possible explanations include a change in her intrinsic circadian period, a loss of response to the weak time cues, or a loss of exposure to the weak time cues. Although it is possible that her exposure to the weak time cues decreased gradually over the 4 years of study this seems less likely. A lengthening of her intrinsic period with time could explain the results because a longer intrinsic period should be less influenced by the 24-h weak time cues (further outside the "range of entrainment"). Her average drift rate did indeed significantly increase with time but this could simply reflect the decreased influence of the 24-h weak time cues associated with a corresponding decrease in relative coordination. Although the magnitude of relative coordination changed with time, the timing (clock hour) of accelerations and slowing in the rate of drift were stable across the more than 4 years of study ( Figure 4 ).
Rest/Activity Rhythms
There was a good correlation between the nonentrained endogenous circadian rhythms measured using melatonin and the non-24-h rest/activity cycle measured using actigraphy. This replicates the findings of others demonstrating that the rest/activity cycle of N-24s are significantly influenced by the timing of their circadian pacemakers 11 and it suggests that the subjects were, at least to some extent, sleeping according to biological time. This has diagnostic implications because it may be possible using actigraphy alone to determine whether a blind individual is entrained or not. It may also be possible to determine whether circadian phase is drifting to a progressively later time, and therefore evening melatonin administration is required to provide corrective phase advances; or whether circadian phase is drifting to a progressively earlier time, and therefore morning melatonin is required to provide the necessary phase delays. Such an approach would certainly require refinement because two of our subjects showed multiple non-24-h actigraphy rhythms including one individual whose actigraphy rhythm appeared to drift to a progressively earlier time while her average melatonin onset drifted to a later time. It is likely that many weeks to months of data are often necessary to provide an accurate measure of the drift in circadian phase.
It should be noted that in all 18 subjects the amplitude of the 24-h rest/activity rhythm was significantly greater than that of the non-24-h rhythm (Table 3 ). This indicates that most of the subjects were primarily maintaining a 24-h rest/activity schedule despite their lack of entrainment to the 24-h day. Therefore it is unlikely that measurement of sleep timing alone will be able to accurately diagnose N-24s (e.g., visual inspection of sleep diary data is likely to have a high false negative rate). A physiological assessment of entrainment status is necessary for accurate diagnosis of this CRSD whether it be directly through serial determinations of circadian phase or possibly indirectly via spectral analysis of longitudinal actigraphy data.
Limitations
Although this was a relatively large cohort of N-24s who were studied over very long periods of time, the sample size was still small. Firm conclusions regarding the influence of such variables as sex, age, duration of blindness, and medications on relative coordination and circadian drift rate should not be made until larger sample sizes are investigated using a multivariate analysis where all of these variables can be controlled for simultaneously.
It could also be argued that even an overall average drift rate in circadian phase cannot be calculated in the presence of relative coordination or that, at the very least, periods of transient entrainment should be excluded from the analysis. However, we do not think it is possible to edit the data in such a way as to remove the influence of the time cues that were causing the relative coordination because we were not measuring either the strength or timing of those cues and indeed have not even positively identified them.
Instead we attempted to provide a very gross measure of the average rate of drift of circadian phase while also quantifying the intrasubject variability in this rate of drift. We think such a measure is still clinically useful because it tells a clinician how long, on average, it takes circadian phase to drift 24-h in an N-24. In this way, our methodology for calculating average drift rate is analogous to calculating the average number of miles traveled per day in a cross-country trip: such calculations are useful in determining how long it will take to make the journey but obscure any variability in the distance traveled each day or any periods of little to no travel.
CONCLUSIONS
There is significant heterogeneity in the physiological presentations of non-24-h disorder in the blind. This variability occurs both between and within N-24s and this likely reflects differences in their exposure or response to environmental time cues. Notably, some individuals demonstrate periods of transient entrainment where the disorder may appear to remit for lengthy periods of time.
